Abstract: Adamantyl-based compounds are clinically important for the treatments of type 2 diabetes and for their antiviral abilities, while many more are under development for other pharmaceutical uses. This study focused on the acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) inhibitory activities of adamantyl-based ester derivatives with various substituents on the phenyl ring using Ellman's colorimetric method. Compound 2e with a 2,4-dichloro electron-withdrawing substituent on the phenyl ring exhibited the strongest inhibition effect against AChE, with an IC 50 value of 77.15 µM. Overall, the adamantyl-based ester with the mono-substituent at position 3 of the phenyl ring exhibited good AChE inhibition effects with an ascending order for the substituents: Cl < NO 2 < CH 3 < OCH 3 . Furthermore, compounds with electron-withdrawing groups (Cl and NO 2 ) substituted at position 3 on their phenyl rings demonstrated stronger AChE inhibition effects, in comparison to their respective positional isomers. On the other hand, compound 2j with a 3-methoxyphenyl ring showed the highest inhibition effect against BChE, with an IC 50 value of 223.30 µM. Molecular docking analyses were conducted for potential AChE and BChE inhibitors, and the results demonstrated that the peripheral anionic sites of target proteins were predominant binding sites for these compounds through hydrogen bonds and halogen interactions instead of hydrophobic interactions in the catalytic active site.
Introduction
Alzheimer's disease (AD) is a degenerative brain disease resulting in a decline in memory, language, problem-solving, and cognitive skills, which affects a person's ability to perform daily activities. Additionally, AD can be fatal after a prolonged period of struggle and suffering [1] . Although the intrinsic nature of the pathophysiology of AD is still unclear, a "cholinergic hypothesis" was developed from the study, targeted on people at an advanced age as well as AD patients' basal forebrain and rostral forebrain cholinergic pathways [2] . Based on the cholinergic hypothesis, a cholinesterase inhibitor is used to enhance cognitive functions and slow down AD progression, and involves symptomatic treatment [3] . There are a limited number of drugs used as cholinesterase For AChE inhibition effects, compounds 2f and 2g with moderate electron-donating moiety and 2-methyl and 3-methyl substitutions on their phenyl rings exhibited a moderate effect, with IC 50 values of 174.98 and 190.99 µM, respectively. The inhibition effect dropped dramatically with the methyl group substituted at position 4 on the phenyl ring, as seen in compound 2h, which was inactive up to a concentration of 1500 µM. Although compounds 2i, 2j and 2k also carried electron-donating methoxy-substituents on their phenyl rings, only 2j with a 3-methoxy substituent showed moderate inhibition effects towards AChE, with an IC 50 value of 166.46 µM. Comparing compounds 2f, 2g and 2j, these showed no statistical difference towards their AChE inhibition activities, as shown in Figure 1 . For AChE inhibition effects, compounds 2f and 2g with moderate electron-donating moiety and 2-methyl and 3-methyl substitutions on their phenyl rings exhibited a moderate effect, with IC50 values of 174.98 and 190.99 µM, respectively. The inhibition effect dropped dramatically with the methyl group substituted at position 4 on the phenyl ring, as seen in compound 2h, which was inactive up to a concentration of 1500 µM. Although compounds 2i, 2j and 2k also carried electrondonating methoxy-substituents on their phenyl rings, only 2j with a 3-methoxy substituent showed moderate inhibition effects towards AChE, with an IC50 value of 166.46 µM. Comparing compounds 2f, 2g and 2j, these showed no statistical difference towards their AChE inhibition activities, as shown in Figure 1 . In contrast, compounds bearing electron-withdrawing substituents on the phenyl ring, such as chlorine and nitro groups, showed relatively lower AChE inhibitory activity. As evidence, compounds 2b, 2c and 2d, which had chlorine substituents on their phenyl rings at positions 2, 3 and 4, respectively, showed a range of IC50 values from 280 to 360 µM. Similarly, IC50 values for the compounds with a nitro group attached to their phenyl rings, 2m, 2n and 2l, fell in the range from 233 to 690 µM. By comparing the position of the electron-withdrawing substituent on the phenyl group, adamantyl compounds with the substituent at position 3 exhibited the strongest AChE inhibition effect, followed by those with position 4 and position 2 substituents.
Overall, compound 2e, which bore 2,4-dichloro substituents on the phenyl ring, was the most potent AChE inhibitor among the adamantyl derivatives, with an IC50 value of 77.15 µM. However, this compound showed weak activities against BChE, with an IC50 value of 306.77 µM, which was almost 5 times lower than that of the AChE inhibition effect. Although compound 2e showed much weaker effects in the BChE inhibition assay, this compound still existed as one of the most active compounds in this enzyme inhibition test. Among the derivatives, compound 2j exhibited the strongest inhibition towards BChE, with an IC50 value of 223.30 µM, followed by 2e. In contrast, compounds bearing electron-withdrawing substituents on the phenyl ring, such as chlorine and nitro groups, showed relatively lower AChE inhibitory activity. As evidence, compounds 2b, 2c and 2d, which had chlorine substituents on their phenyl rings at positions 2, 3 and 4, respectively, showed a range of IC 50 values from 280 to 360 µM. Similarly, IC 50 values for the compounds with a nitro group attached to their phenyl rings, 2m, 2n and 2l, fell in the range from 233 to 690 µM. By comparing the position of the electron-withdrawing substituent on the phenyl group, adamantyl compounds with the substituent at position 3 exhibited the strongest AChE inhibition effect, followed by those with position 4 and position 2 substituents.
Overall, compound 2e, which bore 2,4-dichloro substituents on the phenyl ring, was the most potent AChE inhibitor among the adamantyl derivatives, with an IC 50 value of 77.15 µM. However, this compound showed weak activities against BChE, with an IC 50 value of 306.77 µM, which was almost 5 times lower than that of the AChE inhibition effect. Although compound 2e showed much weaker effects in the BChE inhibition assay, this compound still existed as one of the most active compounds in this enzyme inhibition test. Among the derivatives, compound 2j exhibited the strongest inhibition towards BChE, with an IC 50 value of 223.30 µM, followed by 2e.
The results suggest that the substances with mono-substituents at position 3 of the phenyl ring exhibited profound effects on the AChE inhibition, and these effects increased in the order of the substituent moieties: Cl < NO 2 < CH 3 < OCH 3 . On the other hand, the AChE inhibition effects of the compounds with mono-substituted electron-withdrawing groups (Cl and NO 2 ) on their phenyl rings increased in the order of substituents: position 2 < position 4 < position 3. A similar effect of positional substitution was also observed in 2-(2-(4-benzylpiperazin-1-yl)ethyl)isoindoline-1,3-dione derivatives [27] . Compound 2e, with two chlorine groups substituted at positions 2 and 4, was far more potent in the AChE inhibition test compared to other mono-chloro-substituted derivatives. In fact, these compounds exerted less potency toward BChE inhibition, and encompassing an electron-donating group (methoxyl) at position 3 of the phenyl ring did increase the BChE inhibitory activity effectively. In other words, the removal of a functional group or the addition of a strong electron-donating group may decrease or deactivate the cholinesterase inhibition effects of adamantyl-based derivatives.
Molecular docking studies were performed to provide a binding mode of adamantyl-based derivatives within the cholinesterase enzymes. Differential validation of the docking accuracy was investigated by docking native co-crystallized ligand (tacrine) into parent enzymes to compare the conformation of the best-scored pose with the bound ligand in the native crystal (see Figure 2a) . The overall structure of a human's BChE is similar to a human's AChE, with the difference of several aromatic residues lining the gorge of AChE being replaced by hydrophobic aliphatic residue in BChE. Generally, phenylalanines (Phe) in the acyl binding pocket of AChE are replaced by leucine (Leu) and valine (Val) in BChE, which allow bulkier substrate moieties to bind more readily to BChE than to AChE [28] . However, our recent cholinesterase enzymes inhibitory study showed that bulky adamantyl-based ester derivatives exhibited a greater AChE inhibitory when compared to BChE. The results suggest that the substances with mono-substituents at position 3 of the phenyl ring exhibited profound effects on the AChE inhibition, and these effects increased in the order of the substituent moieties: Cl < NO2 < CH3 < OCH3. On the other hand, the AChE inhibition effects of the compounds with mono-substituted electron-withdrawing groups (Cl and NO2) on their phenyl rings increased in the order of substituents: position 2 < position 4 < position 3. A similar effect of positional substitution was also observed in 2-(2-(4-benzylpiperazin-1-yl)ethyl)isoindoline-1,3-dione derivatives [27] . Compound 2e, with two chlorine groups substituted at positions 2 and 4, was far more potent in the AChE inhibition test compared to other mono-chloro-substituted derivatives. In fact, these compounds exerted less potency toward BChE inhibition, and encompassing an electrondonating group (methoxyl) at position 3 of the phenyl ring did increase the BChE inhibitory activity effectively. In other words, the removal of a functional group or the addition of a strong electron-donating group may decrease or deactivate the cholinesterase inhibition effects of adamantyl-based derivatives.
Molecular docking studies were performed to provide a binding mode of adamantyl-based derivatives within the cholinesterase enzymes. Differential validation of the docking accuracy was investigated by docking native co-crystallized ligand (tacrine) into parent enzymes to compare the conformation of the best-scored pose with the bound ligand in the native crystal (see Figure 2a) . The overall structure of a human's BChE is similar to a human's AChE, with the difference of several aromatic residues lining the gorge of AChE being replaced by hydrophobic aliphatic residue in BChE. Generally, phenylalanines (Phe) in the acyl binding pocket of AChE are replaced by leucine (Leu) and valine (Val) in BChE, which allow bulkier substrate moieties to bind more readily to BChE than to AChE [28] . However, our recent cholinesterase enzymes inhibitory study showed that bulky adamantyl-based ester derivatives exhibited a greater AChE inhibitory when compared to BChE. In the protein crystal structure of 1ACJ, the inhibitor tacrine was bound to the catalytic active site of the protein AChE through π/π interactions, involving residues Trp84 and Phe330, as seen in Figure 2a . Similarly, adamantyl moiety in all potent substances was able to bind at the catalytic active site via alkyl/π interactions with the residues Trp84 and Phe330. Furthermore, an additional alkyl/π interaction with residue His440 was observed for compounds 2b, 2d, 2f and 2j. For those compounds In the protein crystal structure of 1ACJ, the inhibitor tacrine was bound to the catalytic active site of the protein AChE through π/π interactions, involving residues Trp84 and Phe330, as seen in Figure 2a . Similarly, adamantyl moiety in all potent substances was able to bind at the catalytic active site via alkyl/π interactions with the residues Trp84 and Phe330. Furthermore, an additional alkyl/π interaction with residue His440 was observed for compounds 2b, 2d, 2f and 2j. For those compounds with position 3 substituents on their phenyl rings (2c, 2g, 2j and 2m), their phenyl rings tended to form π/π interactions with residues Trp279 and Tyr334 at the peripheral anionic site [29] . For compounds 2c and 2m, electron-withdrawing substituents on their phenyl rings failed to bind with other residues at the catalytic active site, which led to a decrease in enzyme inhibition activities (see Figure 2b,c) . Conversely, the electron-donating substituent present in compounds 2g and 2j managed to form an extra C-H/π interaction with residue Phe330 (Figure 3d,e) , and resulted in stronger inhibition effects.
Besides the π/π interaction formed with the compounds 2c, 2g, 2j and 2m, the 2-methyl substituent in compound 2f was able to bind with residues Tyr70 and Tyr121 (see Figure 2f ) in the adjacent peripheral anionic site and procure comparable inhibitory activity to compounds 2g and 2j. As shown in Figures 2b and 3a ,b, the phenyl ring of mono-chloro-substituted compounds 2b, 2c and 2d was favored to bind with residues Trp279 and Tyr334 at the peripheral anionic site through π/π interactions. Furthermore, the halogen atoms of the di-chloro-substituted compound 2e were capable of binding with residues Trp279, Tyr334 and Tyr70 via halogen and halogen/π interactions, as seen in Figure 4c , therefore exhibiting stronger inhibition effects than those of 2b and 2d by threefold. form π/π interactions with residues Trp279 and Tyr334 at the peripheral anionic site [29] . For compounds 2c and 2m, electron-withdrawing substituents on their phenyl rings failed to bind with other residues at the catalytic active site, which led to a decrease in enzyme inhibition activities (see Figure 2b,c) . Conversely, the electron-donating substituent present in compounds 2g and 2j managed to form an extra C-H/π interaction with residue Phe330 (Figure 3d,e) , and resulted in stronger inhibition effects.
Besides the π/π interaction formed with the compounds 2c, 2g, 2j and 2m, the 2-methyl substituent in compound 2f was able to bind with residues Tyr70 and Tyr121 (see Figure 2f ) in the adjacent peripheral anionic site and procure comparable inhibitory activity to compounds 2g and 2j. As shown in Figures 2b and 3a ,b, the phenyl ring of mono-chloro-substituted compounds 2b, 2c and 2d was favored to bind with residues Trp279 and Tyr334 at the peripheral anionic site through π/π interactions. Furthermore, the halogen atoms of the di-chloro-substituted compound 2e were capable of binding with residues Trp279, Tyr334 and Tyr70 via halogen and halogen/π interactions, as seen in Figure 4c , therefore exhibiting stronger inhibition effects than those of 2b and 2d by threefold. For the BChE molecular docking study with a protein crystal structure of 4BDS, the inhibitor tacrine was bound to the catalytic active site of the protein BChE with alkyl/π and π/π interactions, involving residues Trp82 and Ala328, as seen in Figure 4a . Similar to AChE, adamantyl moiety of the potent compounds was able to bound at the catalytic active site via alkyl/π interactions with residues Trp82 and Ala328 in BChE, while additional alkyl/π interactions with residues His438 or Phe329 were observed for compounds 2e and 2j, respectively. For compound 2e, its di-chloro-substituted phenyl ring formed π/π and halogen/π interactions with residues Tyr332 and Pro285 in both the peripheral anionic site and the acyl pocket, resulting in an increase of its BChE inhibition effect (see Figure 4b) . In contrast, the 3-methoxy-substituted phenyl ring in compound 2j was able to form intermolecular C-H/O hydrogen bonds with Pro285 of the acyl pocket and Ser287 of the peripheral anionic site (see Figure 4c ). The additional C-H/π interactions with residue Trp231 led to stronger BChE inhibition effects compared to 2e.
As a summary, the molecular docking results showed that the compounds with adamantyl moiety were able to bind with the catalytic active site via alkyl/π interactions (Trp84 and Phe330 in AChE; Trp82 and Ala328 in BChE) by utilizing the hydrophobic feature of the adamantyl ring. The finding reveals that AChE inhibition effects are attributed to the di-chloro-substituted rings, which are able For the BChE molecular docking study with a protein crystal structure of 4BDS, the inhibitor tacrine was bound to the catalytic active site of the protein BChE with alkyl/π and π/π interactions, involving residues Trp82 and Ala328, as seen in Figure 4a . Similar to AChE, adamantyl moiety of the potent compounds was able to bound at the catalytic active site via alkyl/π interactions with residues Trp82 and Ala328 in BChE, while additional alkyl/π interactions with residues His438 or Phe329 were observed for compounds 2e and 2j, respectively. For compound 2e, its di-chloro-substituted phenyl ring formed π/π and halogen/π interactions with residues Tyr332 and Pro285 in both the peripheral anionic site and the acyl pocket, resulting in an increase of its BChE inhibition effect (see Figure 4b) . In contrast, the 3-methoxy-substituted phenyl ring in compound 2j was able to form intermolecular C-H/O hydrogen bonds with Pro285 of the acyl pocket and Ser287 of the peripheral anionic site (see Figure 4c ). The additional C-H/π interactions with residue Trp231 led to stronger BChE inhibition effects compared to 2e.
As a summary, the molecular docking results showed that the compounds with adamantyl moiety were able to bind with the catalytic active site via alkyl/π interactions (Trp84 and Phe330 in AChE; Trp82 and Ala328 in BChE) by utilizing the hydrophobic feature of the adamantyl ring. The finding reveals that AChE inhibition effects are attributed to the di-chloro-substituted rings, which are able to bind with residues Trp279, Tyr334 and Tyr70 at the peripheral anionic site through halogen and halogen/π interactions. On the other hand, BChE inhibition effects are mainly contributed by C-H/O hydrogen bonds between the substituted 3-methoxyphenyl ring and the residue in both the peripheral anionic site and the acyl pocket. hydrogen bonds between the substituted 3-methoxyphenyl ring and the residue in both the peripheral anionic site and the acyl pocket. 
Materials and Methods
Electric eel acetylcholinesterase (AChE, EC 3.1.1.7), equine serum butyrylcholinesterase (BChE, EC 3.1.1.8), 5,5'-dithio-bis-2-nitrobenzoic acid (DTNB), and sodium phosphate dibasic (Na2HPO4) were purchased from Sigma-Aldrich (St. Louis, MO, USA). S-butyrylthiocholine chloride (BTCC) from Sigma-Aldrich (Buchs, Switzerland), acetylthiocholine iodide (ATCI) from Sigma-Aldrich (Dorset, UK) and sodium phosphate monobasic (NaH2PO4) from Sigma-Aldrich (Munich, Germany) were purchased. Tacrine hydrochloride from Cayman Chemical Company was used as the standard drug, and absolute ethanol from Merck Emsure ® Germany, was used as the solvent. The reagents and solvents for the synthesis work were obtained commercially from Sigma-Aldrich Corporation (St. Louis, MO, USA) and used without any further purification.
Synthesis and Structural Elucidation of Adamantane
General synthetic routes for 2-(adamantan-1-yl)-2-oxoethyl benzoates, 2a-q, and 2-(adamantan-1-yl)-2-oxoethyl-2-pyridinecarboxylate, 2r, are shown in Figure 5 . Synthesis methods, spectroscopy analyses, and single-crystal X-ray diffraction studies were described in detail in the previous report [25] . 
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Cholinesterases Inhibitory Assay
AChE and BChE inhibitory activities of the compounds were determined by Ellman's assay with minor modifications [26] . Briefly, 210 µL of a 100 mM sodium phosphate buffer (pH 8) was added to a 96-well microplate, followed by 20 µL of the compounds in ethanol and 20 µL of AChE (5.32 × 10 −3 U). After a pre-incubation of 15 min at room temperature, 10 µL of 0.50 mM DTNB was added into each well, followed by 10 µL of 0.71 mM acetylthiocholine iodide as the substrate. The absorbance of each well was measured 10 times with 1 min intervals using the Epoch2, BioTek instrument microplate reader (Winooski, VT, USA) at 412 nm. For the BChE inhibition assay, the same procedure as described above was used, except the enzyme and substrate were replaced with BChE (6.85 × 10 3 U) from Equine serum and 0.20 mM butyrylthiocholine chloride, respectively. Tacrine was used as a reference drug. A series of dilutions made up of 6 concentrations of compounds or the reference drug were tested to obtain the half-maximal inhibitory concentration (IC 50 ). Each test was carried out in triplicate and the results were expressed as an average value. The percentage of inhibition was calculated using the following formula:
where S blank is slope of the blank reaction (without compounds or a reference standard) and S sample is the slope of the sample reaction (with compounds or a reference drug).
Statistical Analysis
The results of the cholinesterase inhibitory assay were expressed as means ± SD, and were labeled if p < 0.05 using ANOVA of IBM SPSS Statistics for Windows, Version 23.0 (IBM, New York, NY, USA).
Docking Protocol
Molecular docking was performed for the most potent inhibitors using the Genetic Optimization for Ligand Docking (GOLD) package 5.4.1 [30] [31] [32] . The atomic coordinates of target inhibitors were obtained directly from previously reported X-ray crystallography data [10] , except for ligand 2m, for which coordinates were constructed in the ChemBio3D workspace and were energy-minimized by MM2 force fields. The crystal structures of AChE (PDB ID: 1ACJ [33] ) and BChE (PDB ID: 4BDS [34] ) were isolated from Pteronarcys californica and Homo sapiens, respectively, with tacrine obtained from the Protein Data Bank ligand-protein binding space, and the conformational flexibility of the ligand inside the protein was explored by the Genetic Algorithm (GA). A spherical binding site with a radius of 15 Å was used, which lay around the binding site of the tacrine covering both the catalytic anionic and peripheral anionic sites. Runs were carried out (100 GA), and the top 100 ranked docking poses were scored using the Piecewise Linear Potential (PLP) scoring function. Default values were used for all other parameters. The intermolecular interactions of the best-scored pose of each ligand were analyzed and illustrated using Discovery Studio 4.5 software (Discovery Studio, v4.5.0.15071; San Diego, CA, USA, Accelrys Inc.; 2015).
Conclusions
Eighteen adamantyl-based ester derivatives were synthesized, and their anti-cholinesterase activities were assessed using Ellman's assay. The AChE inhibition effects of the adamantyl-based ester derivatives increased in the order Cl < NO 2 < CH 3 < OCH 3 for mono-substituents at position 3 of the phenyl ring. Moreover, those derivatives with mono-substituted electron-donating groups (Cl and NO 2 ) on their phenyl rings showed an increasing inhibition effect in the order: position 2 < position 4 < position 3. As such, compound 2e, which bore a 2,4-dichlorophenyl ring, exhibited the strongest AChE inhibition effects, while compound 2j, with a 3-methoxyphenyl ring, was the most potent BChE inhibitor. The in silico study of the adamantyl derivatives demonstrated that the halogen interaction and hydrogen bond between the compounds and their surrounding residues in the peripheral anionic site and acyl pocket of target enzymes were predominant when compared to hydrophobic interactions in the catalytic active site.
